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SUMMARY 


A  theoretical  investigation  of  the  two-dimensional  ground  ef¬ 
fect  machine  in  unbalanced  operation  and  forward  motion  has 
been  carried  out.  Although  the  assumptions  and  approximations 
involved  in  the  present  analysis  are  quite  broad,  the  analysis 
has  permitted  a  better  understanding  of  the  nature  of  the  flow, 
particularly  with  regard  to  the  influence  of  viscous  effects . 

IN  UNBALANCED  OPERATION 


For  small  disturbances,  the  mean  flow  pattern  under  the  ma¬ 
chine  is  similar  to  that  in  the  hovering  condition.  The  for¬ 
mation  of  two  counter-rotating  vortices  under  the  machine  is 
the  sole  cause  for  inducing  static  instability.  For  large  dis¬ 
turbances,  the  air  jet  in  the  low  side  becomes  overfed,  re¬ 
sulting  in  a  cross  flow  under  the  machine.  The  overall  ef¬ 
fect  of  the  cross  flow  is,  in  general,  destabilizing.  A 
typical  numerical  example  is  shown  to  give  quantitatively 
the  effect  of  tilt  angles  on  augmentation  factor  and  induced 
moment.  A  static  stability  derivative  curve  which  shows  a 
higher  stability  boundary  than  that  which  results  from  in- 
viscid  calculations  is  also  given. 

IN  FORWARD  MOTION 


Two  distinct  flow  regimes  may  appear,  depending  on  whether 
the  leading-edge  air  jet  escapes  upstream  or  goes  under  the 
machine.  In  the  first  case,  one  again  finds  essentially  the 
characteristics  of  the  flow  observed  under  hovering  condi¬ 
tions  (ground  cushion  flow  regime).  In  the  second  case,  the 
flow  resembles  that  of  the  jet-wing  type.  The  jet  flow 
fields  in  the  ground  cushion  flow  regime  have  been  discussed 
in  detail.  Due  to  the  pressure  difference  between  the  lead¬ 
ing  and  trailing  edges,  a  difference  in  jet  momentum,  in  the 
direction  of  thrust,  may  be  induced.  As  a  consequence,  a 
nose -down  moment  is  also  induced.  The  induced  nose -down  mo¬ 
ments  are  diminished  or  intensified  by  the  effect  of  the 
moving  ground,  depending  on  specific  flow  conditions.  Typical 
numerical  examples  have  also  been  made.  It  is  found  that  at 
relatively  Dow  forward  speeds,  a  considerable  amount  of  thrust 
and  nose-down  moment  may  result. 


CONCLUSIONS 


A  two-dimensional  study  can  not  pretend  to  provide  an  entire 
ly  accurate  picture  of  the  real  ground  effect  machine  in  for 
ward  motion.  However,  even  though  the  assumptions  and  ap¬ 
proximations  involved  in  the  analysis  presented  are  quite 
broad,  it  has  permitted  a  better  understanding  than  previ¬ 
ously  available  of  the  nature  of  the  flow  associated  with  un 
balanced  operation  and  forward  motion,  particularly  with  re¬ 
spect  to  the  influence  of  viscous  effects. 

IN  UNBALANCED  HOVERING  OPERATION 


For  small  disturbances,  the  formation  of  two  major  counter¬ 
rotating  vortices  under  a  hovering  machine  is  the  sole  cause 
for  inducing  a  moment.  The  induced  moments  were  found  to  be 
stabilizing  for  H/t  <5.2  and  destabilizing  for  H/t  >5.2. 

For  large  distrubances,  the  edge  jet  on  the  low  side  becomes 
overfed.  The  cross  flow  due  to  the  viscous  action  of  the 
fluid  may  have  dual  effects  on  the  static  stability  of  the 
ground  effect  machine: 

a)  A  stabilizing  influence  due  to  a  friction  effect. 

b)  A  destabilizing  effect  due  to  diffusion. 

For  practical  heights,  the  diffusion  effect  always  outweighs 
the  friction  effect.  The  overall  effect  of  the  cross  flow, 
in  general,  is  thus  destabilizing. 

IN  FORWARD  MOTION 


For  a  moving  ground  effect  machine,  two  distinct  flow  regimes 
may  appear: 

a)  Ground  cushion  flow  regime  -  At  relatively  low  forward 
speeds,  the  leading  edge  jet  escapes  upstream,  and  the  char¬ 
acteristics  of  the  flow  are  essentially  the  same  as  in  the 
hovering  condition. 

b)  Jet-wing  type  of  flow  regime  -  At  high  forward  speeds, 
the  leading  edge  jet  deflects  inward  before  reaching  the 


ground,  and  the  flow  resembles  that  of  the  jet-wing  type. 

In  the  ground  cushion  flow  regime,  a  difference  in  jet 
momentum,  in  the  direction  of  thrust,  may  be  induced  due  to 
the  pressure  difference  between  the  trailing  and  leading 
edges.  As  a  consequence,  a  nose-down  moment  is  induced. 
This  induced  moment  may  be  diminished  or  intensified,  de¬ 
pending  on  whether  the  stronger  vortex  exists  at  the  trail¬ 
ing  or  leading  edge. 


INTRODUCTION 


In  practice,  there  are  three  important  aspects  of  ground  ef¬ 
fect  machine  design:  hovering  performance,  maneuverability, 
and  cruising  performance.  The  effects  of  viscosity  on  the 
jet  flow  fields  of  a  ground  effect  machine  in  the  hovering 
condition  have  been  studied  in  detail  in  an  earlier  report 
(1).  The  mean  flow  pattern  is  seen  to  be  that  of  a  diffus¬ 
ing  jet  which  is  deflected  laterally  in  its  interaction  with 
the  central  pressure  zone.  When  the  ground  effect  machine 
is  in  unbalanced  operation  or  in  forward  motion,  the  major 
characteristics  of  the  jet  flow  fields  in  ground  proximity, 
such  as  turbulent  mixing  and  vortex  generation,  are  similar 
to  those  for  balanced  jets  in  ground  proximity.  However, 
they  are  made  somewhat  more  complicated  because  of  the  asym¬ 
metry  and  external  flow  conditions.  The  object  of  this  re¬ 
port  is  to  discuss,  both  qualitatively  and  quantitatively, 
some  important  effects  on  the  behavior  of  the  jet  flow  field 
which  are  due  to  unbalanced  operation  and  forward  motion  of 
the  ground  effect  machine . 

It  is  very  difficult  to  solve  for  the  details  of  jet  flow 
fields  associated  with  an  annular  unbalanced  jet  in  ground 
proximity.  Fortunately,  for  small  disturbances,  simple  and 
plausible  approximations  such  as  are  used  for  balanced  jets 
(l)  may  be  made.  The  calculations  on  the  effect  of  jet  mix¬ 
ing  are  based  on  the  entrainment  process  and  momentum  balance 
considerations  in  the  impingement  region.  As  to  the  effect 
of  the  standing  vortex,  the  problem  is  reduced  to  that  of 
calculating  the  inviscid  rotational  flow  pattern  in  a  closed 
region  with  uniform  but  undetermined  vorticity,  and  the  as¬ 
sociated  indeterminacy  of  the  inviscid  motion  may  be  resolved 
by  a  simple  analysis  of  the  closed  frictional  boundary  layer. 
At  relatively  low  forward  speeds,  i.e.,  in  the  ground  cushion 
flow  regime,  the  jet  flow  fields  under  the  machine  may  be 
calculated  approximately  in  the  same  way.  However,  the  jet 
flow  field  in  the  neighborhood  of  the  leading  edge  is  sig¬ 
nificantly  different  from  that  in  the  hovering  condition  due 
to  the  action  of  the  oncoming  stream.  The  resultant  flow 
pattern  in  the  region  resembles  somewhat  the  flow  up  a  step 
and  may  be  solved  by  a  free  streamline  analysis . 
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EFFECT  OF  UNBALANCED  OPERATION 


We  shall  first  discuss  the  jet  flow  fields  of  the  ground  ef¬ 
fect  machine  in  the  maneuvering  condition;  that  is,  in  unbal¬ 
anced  operation.  When  the  ground  effect  machine  is  tilted, 
or  when  it  is  undergoing  heaving  motion,  it  is  conceivable 
that,  due  to  pressure  differences  under  the  edges  of  the  ma¬ 
chine,  both  underfed  and  overfed  jet  configurations,  as  first 
studied  by  Tulin  (2),  may  exist.  Although  the  major  charac¬ 
teristics  of  jet  flows  in  ground  proximity,  such  as  turbulent 
mixing  and  vortex  generation,  are  similar  to  those  of  bal¬ 
anced  jets  as  discussed  in  (1),  they  are  made  more  complicated 
because  of  the  overfed  jet  flow  condition.  The  overfed  jet, 
after  impinging  on  the  ground,  splits  into  two  parts:  one 
flows  outward  to  the  ambient  region,  and  the  other  flows  in¬ 
ward  and  eventually  merges  with  the  other  edge  jet.  The  jet 
flow  along  the  ground  behaves  like  the  turbulent  "wall- jet" 
which  has  been  studied  theoretically  by  Glauert  (3)  and  ex¬ 
perimentally  by  Bakke  (4)  and  Schwarz  and  Cosart  (5).  The 
"wall- jet"  is  of  the  self -preserving  class  of  shear  flows. 

In  the  outer  layer,  the  flow  has  jet-like  properties,  while 
in  the  inner  layer  the  flow  is  similar  to  that  of  the  wall 
boundary  layer.  Because  of  the  diffusing  action  of  the  in¬ 
ward  flowing  turbulent  wall- jet  stream,  the  flow  field  under 
the  base  plate  can  no  longer  be  considered  as  stagnant.  Un¬ 
like  the  case  of  balanced  operation,  in  which  one  need  only 
take  account  of  the  effect  of  the  first  major  vortex  stand¬ 
ing  alongside  the  edge  jet,  the  characteristics  of  the  an¬ 
nular  jet  in  unbalanced  operation  cannot  be  completely  deter¬ 
mined  without  solving  simultaneously  for  the  combined  flow 
composed  of  the  induced  rotational  flow  and  the  complete 
boundary  layer  (partly  along  solid  surfaces  and  partly  as 
jets).  As  an  illustration,  the  jet  flow  field  of  a  slightly 
tilted  ground  effect  is  studied  in  detail. 

For  a  first-order  analysis,  the  tilt  angle,  a,  is  assumed  to 
be  very  small  so  that  the  flow  pattern  has  not  deviated  very 
much  from  that  in  balanced  operation  (see  Figure  l).  It  is 
then  reasonable  to  assume  that  the  basic  assumption  concern¬ 
ing  jet  impingement  and  jet  mixing  are,  more  or  less,  the 
same  as  that  for  balanced  jets.  The  base  pressure,  Apb,  a- 
cross  the  jet  due  to  jet  mixing  may  be  shown  to  be 


where 

f  is  the  entrainment  function 

J  is  the  jet  momentum  per  unit  length 

H  is  the  nozzle  height  above  the  ground 

s  is  the  distance  along  the  jet  path 
c 

t  is  the  nozzle  thickness 
W  is  the  half  width  of  the  nozzle  base 
coQ  is  the  nozzle  divergence  angle 

cp  is  the  jet  impingement  angle 
c 

\  is  a  constant  <  \ 

and  the  subscripts  "1"  and  "2"  denote  the  quantities  at  the 
"low"  and  "high"  sides  of  the  ground  effect  machine  respec¬ 
tively.  The  base  pressure,  without  including  the  effect  of 
standing  vortices,  is  likely  to  be  uniform;  and  its  magnitude 
is  seen  to  be  limited  to  Ap,  ot  which  is  the  pressure  drop 

that  the  most  vulnerable  part  of  the  jet,  i.e.,  the  part  of 

the  jet  originating  at  the  highest  point  of  the  nozzle,  is 

capable  of  sustaining.  It  is  apparent,  from  Equation  [1], 

that  if  the  jets  are  of  equal  strength  and  divergence  angle, 

the  impingement  angle  on  the  "low"  side,  cp  ,,  is,  in  general, 

c ,  l 

less  than  that  for  the  high  side,  or 
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H  H 

sin  cp  =  r—  sin  cp  *  +  (1  -  tt~)  sin  cp 
^c,l  H  ^c,2  v  H  ' 


+  F  -^f|V|i<Sin^o,2  ' 


since 


Hi  _  H  -  W  sin  a 
H3  H  +  W  sin  a 


<  1 


cp  is  generally  inclined  inward  for  better 
augmentation,  that  is,  <0  , 


Hi  s  »  s 

TT  7*  -  lif  C, 1 1  j  <  <  1  in  ground  proximity. 

w  w  /  t  t  j 

The  entrainment  from  the  base  cavity  into  the  jet  upstream 
of  the  inpingement  is  assumed  to  be 


m  +  m, 
u  d 


“  t  - 


a  second  expression  for  the  mass  flow,  from  the  momentum 
balance,  can  be  obtained: 


m  +  mJ 
u  d 


1  -  a  sin  cp^ 
1  +  b 


where 
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m  ,  m,  are  'the  inward  and  outward  mass  flows  respectively 
u'  d 

u  ,  ud  are  the  average  velocities  of  the  inward  and  out¬ 
ward  mass  flows  respectively. 


Combining  Equations  [3]  and  [4]  gives 


sin  cp 

c 


1 

a 


1  -  (1  +  b)  Xf (“) 


[5] 


The  impingement  angle  at  the  high  side,  cp  0,  may  be  computed 

by  using  the  same  approximation  as  that  used  for  balanced  op¬ 
eration.  The  impingement  angle  at  the  low  side,  co  . ,  may 

c ,  i 

then  be  calculated  from  Equation  [2],  It  can  be  shown,  how¬ 
ever,  that  there  is  a  critical  tilt  angle,  a  ,  above  which 

Equations  [2]  and  [5]  are  no  longer  compatible;  that  is 


sin  cp  ,  =  — 
c ,  1  ai 


1  -  (1  +  \  )  \it  (-^), 


H 


>  IL  Sln  ^0,2 


[6] 


+  (1  -  j£")  sin  cpo 


where  ax  =  bx  =  1  for  the  equally  split  jet.  The  critical 
angle  may  be  expressed,  approximately,  as  follows: 


a  «  sin 
cr 


-1 


f  <sln  ®C,2  '  3ln  '»3)/(sin  ’c,! 


+  sin  cp  -  2  sin  cp  ) 

3  O 


[7] 
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where  sin  co  is  the  impingement  angle  for  the  equally  split 

jet.  For  a  >  a  ,  the  jet  at  the  low  side  becomes  overfed. 

cr 

Consider,  first,  the  case  a  <  a  .  The  flow  pattern  under 

cr 

the  base  plate  is  similar  to  that  of  an  annular  jet  in  hover¬ 
ing  condition.  The  augmentation  factor,  including  the  ef¬ 
fects  of  jet  mixing  and  standing  vortex,  can  be  shown  to  be 


T  sin  cpn  -  sin  cp 

A  -  fz  =  cos  cp0  +  - - +  \2f(v  |) 


w. 

_  1 

4 '  t 


m 

2 

r 

g  (§  >  Y>  n) 

Wa 

+  t 

g 

(1  *  Y,  n) 
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where 


g(^>  n)  = 


u 


aye 

U 


is  the  lift 


n  is  a  number  (=6  for  large  Reynolds  number) 

u  is  the  average  induced  velocity  in  the  major 

ave  vortex  region 

U  is  the  nozzle  exit  velocity 


w  is  the  longitudinal  size  of  the  major  standing 

vortex 

Y  is  a  constant,  depending  on  the  local  shearing 

stress. 


The  effect  of  the  standing  vortex  on  the  augmentation  factor 
is,  in  general,  small;  but  it  is  the  sole  cause  for  inducing 
a  moment  due  to  the  3mall  tilt  of  a  hovering  ground  effect 
machine.  The  induced  moment  about  the  center  of  the  nozzle 
base  plate,  positive  counterclockwise,  may  be  expressed  as 
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Ma  A  -ipUg  W 
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wx(l  -  -x) 
1  2W 


g(jj^  7>  n) 
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g(£  ,  7,  n) 


C9] 


Non-dimensionalizing  by  J  x  W,  Equation  [9]  becomes 


M  « 
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2u 

2w' 


W1 
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g(H  i 

n) 

\ 

.  W2 
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g^i  7>  n) 


2W 


1  - 
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2W 


[10] 


The  longitudinal  size  of  the  standing  vortex,  w,  is  found  to 
be  directly  proportional  to  the  height  of  the  machine  accord¬ 
ing  to  the  experimental  studies  of  Pols on-Quint on  (6)  and  Nixon 
and  Sweeny  (7).  Therefore,  at  very  low  heights,  the  induced 
moment  may  be  shown,  in  general,  to  have  a  restoring  or  sta¬ 
bilizing  effect,*  that  is. 


w 


w. 


g  (J  )  Y)  n) 


w. 


1  -  — 


g  (jT*  v*  n) 
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2W 


1  - 


Wl 

2W 


since 


g(jj“i  7>  n)  »  g(^  7i  n) 


and 
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l  -  -a- 


w, 

2W 


\1  -  7T, 


W1 
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>  1. 
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At  higher  heights,  due  to  the  diffusing  action  of  the  jets. 


* 


Y>  n)  >  g  (jp  Y>  n) 


and  the  induced  moment  may  be  found  to  be  destabilizing.  The 
tentative  conclusion  is  qualitatively  in  agreement  with  the 
experimental  observations  of  Helgesen  and  Rosenberg  (8). 

For  large  tilt  angles,  or  a  >  a  ,  the  jet  flow  field  under 

C  I* 

the  base  plate  is  extremely  complex  because  of  the  overfed 
flow  condition  on  the  low  sid.,  The  cross  flow,  due  to  the 
viscous  action  of  the  fluid,  may  have  dual  effects  on  the 
static  stability  of  the  ground  effect  machine: 

a)  A  stabilizing  influence  due  to  the  friction  effect. 

b)  A  destabilizing  effect  due  to  diffusion. 

For  a  machine  very  close  to  the  ground,  say  H  <  t,  the  fric¬ 
tion  effect  may  be  dominant  and  is  stabilizing.  The  dif¬ 
fusion  effect  becomes  important  when  the  machine  height  is 
increased.  In  general,  for  practical  heights,  the  diffusion 
effect  always  outweighs  the  friction  effect.  It  may  safely 
be  concluded  that,  in  practice,  the  overall  effect  of  the 
cross  flow  is  destabilizing. 

It  is  very  difficult  to  calculate  the  details  of  the  cross 

flow  field  under  ground  effect  machines j  however,  for  the 

static  stability  analysis,  which  is  essentially  based  on  small 

disturbance  theory,  a  simple  and  plausible  approximation  is 

afforded  by  assuming  a  <  a  .  The  moments  due  to  small  dis- 

cr 

turbances,  a,  are  readily  given  by  Equation  [10],  The  stabil¬ 
ity  derivative  defined  as  the  rate  of  change  of  moment  with 
respect  to  a,  dHa/da|a  -♦  0,  may  then  be  calculated. 

o  2W 

A  numerical  example  for  the  case  a  <  acr*  <P0  =  0  and  -jr-  = 

100,  has  been  made.  The  calculations  are  based  on  the  simple 
assumption  given  in  (l)$  that  is,  by  assuming 
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The  augmentation  factors,  for  various  heights,  were  found  to 
decrease  with  increasing  tilt  angles.  These  results  are 
shown  in  Figure  2.  The  calculations  of  the  induced  moments, 
for  various  heights,  are  given  in  Figure  3 }  for  H/t  >  5.2, 
the  induced  moments  were  found  to  be  always  negative  or  de¬ 
stabilizing.  The  calculations  of  stability  derivatives  to¬ 
gether  with  Lin4s  (9)  thick  and  inviscid  calculations  as¬ 
suming  the  moment  coefficient,  C,  equal  to  1/4,  are  given 
in  Figure  4.  It  indicates  that  a  much  higher  static  stabil¬ 
ity  boundary  is  predicted  by  the  present  calculations . 

Although  the  above-mentioned  illustration  is  based  on  the 
tilted  ground  effect  machine  model,  the  general  conclusions 
are  believed  to  be  qualitatively  true  for  all  ground  effect 
machines  in  unbalanced  operations . 
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EFFECT  OF  FORWARD  MOTION 


Effects  due  to  forward  motion  are  responsible  for  important 
design  and  performance  problems.  The  aerodynamic  phenomena 
underlying  the  moving  ground  effect  machine  are  extremely 
complex.  The  effects  of  forward  speed  are  intimately  con¬ 
nected  with  the  aerodynamic  form  of  the  upper  surface,  in¬ 
takes,  and  leading  edge  of  the  machine.  The  major  concern 
here  is  to  study  the  influence  of  forward  speed  on  the  be¬ 
havior  of  the  air  jet  curtain.  At  relatively  low  forward 
speeds,  the  air  jet  in  the  leading  edge  escapes  upstream  and 
the  flow  pattern  in  the  air  cushion  is  essentially  the  same 
as  in  the  hovering  condition.  At  high  forward  speeds,  the 
air  jet  in  the  leading  edge  deflects  inward  before  reaching 
the  ground,  and  the  flow  underneath  the  machine  resembles 
that  of  the  jet-wing  type.  The  flow  regimes  may  be  charac¬ 
terized  by  the  thrust  coefficient,  C  ,  commonly  used  in 

boundary  layer ^and  flow  control  studies,  defined  as 


C 

U 


q  TJ 
m  e 


[11] 


where 

q  is  the  jet  mass  flow 
m 

S  is  the  planform  area  of  the  nozzle  base  plate 
UQ  is  the  uniform  forward  speed 

p  is  the  air  density. 

At  low  forward  speed,  that  is,  in  the  ground  cushion  flow  regime, 
the  base  pressure,  p^,  is  greater  than  the  free  stream  total 

head,  p^,  and  acts  to  curve  the  jets  outward.  As  the  forward 

speed  increases,  the  free  stream  total  head  becomes  larger 
and  larger.  At  a  critical  forward  speed,  U^cr  > 


=  P.  =  P  + 


^pU  \ 

2r  ojcr 


[12] 
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where  p  is  the  free-stream  static  pressure.  For  a  first- 
order  approximation,  the  pressure  inside  the  jet  curtain  is 
assumed  to  be  uniform.  The  pressure  difference  across  the 
jet  in  the  leading  edge  is  found  to  be 


4pb  =  pb  -p“|+  0  (=> 


[13] 


where  R  is  the  radius  of  curvature  of  the  jet  curtain,  and 
the  critical  thrust  coefficient  may  be  shown  approximately 
to  be 


J 


2W 


_R_ 

2W 


1  +  0(~) 

aw  j 


.  R 
«  - 

2W 


for 


H 

2W  <  <  1- 


[14] 


Below  this  critical  value,  the  jet-wing  type  of  flow  evidently 

occurs.  In  the  following,  the  case  C  >  C  x  ,  that  is,  the 

|i  H ) 

ground  cushion  flow  regime,  is  discussed  in  detail. 

For  easier  conceptual  and  mathematical  analysis,  we  shall 
superimpose  upon  the  infinite  stream  and  ground  a  uniform 
speed  of  the  same  magnitude  as  the  machine  forward  speed,  Uq; 

hence,  the  ground  effect  machine  may  be  taken  as  stationary. 

The  two-dimensional  flow  pattern,  in  this  case,  may  be 
sketched  as  in  Figure  5. 

In  the  leading  edge,  the  air  jet  in  the  leading  edge  escapes 
upstream  after  reaching  the  ground.  Due  to  the  action  of  the 
oncoming  stream,  the  forward  jet  will  separate  upstream.  The 
general  flow  pattern  in  the  neighborhood  of  the  leading  edge 
is  shown  diagrammatically  in  Figure  6.  The  resultant  flow  is 
geometrically  similar,  if  not  physically,  to  the  flow  up  a 
step.  The  forward  jet  and  the  machine  base  form  the  step. 
Separation  occurs  at  the  point  B,  somewhat  upstream  of  the 
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step.  Beyond  B,the  external  flow  follows  a  streamline  BC 
(which  bounds  a  region  of  air  very  nearly  at  rest  at  constant 
pressure  BCD)  and  then  separates  again  behind  the  leading 
edge  to  form,  roughly,  another  free  streamline.  The  jet-type 
shear  layer  BC  Is  probably  assisted  In  remaining  stable  by 
the  proximity  of  the  boundary  BDC .  The  external  irrotational 
flow  is  Indeterminate,  taking  different  forms  for  various 
separation  points,  corresponding  to  different  excess  pressures 
in  the  "dead-air  region" .  For  each  pressure  assumed  on  the 
streamline  BC,  a  different  flow  pattern  then  emerges.  It  is 
the  position  of  separation,  specified  by  the  ratio  t/h  (where 
t  is  the  distance  from  the  step  to  separation  and  h  is  the 
step  height),  which  will  determine  the  actual  shape  of  the 
streamline  BC. 

The  free  streamline  theory  needed  to  calculate  the  external 
flow  (which  is  assumed  to  be  stable)  is  straight-forward  and 
is  given  by  Lighthill  (10).  To  a  sufficient  approximation, 
the  excess  pressure,  Ap,  in  the  dead-air  region  BCD  may  be 
shown  to  be 


[15] 


The  values  of 


h 

l 


in  Equation  [15]* 


however,  depend  on  the 


characteristics  of  the  forward  turbulent  wall  jet  and  the 
forward  speed  of  the  machine.  For  the  present  analysis,  it 
is  first  assumed  that  the  forward  jet  is  fully  turbulent  and 
has  the  characteristics  of  the  classical  turbulent  wall- jet 
(3 )*  and  the  average  mean  jet  velocity,  Uj*  may  be  approxi¬ 


mated  as 


U. 

J 


Vsc/5.2t 


[16] 


The  diffusing  forward  jet  stream  is  brought  to  rest  near  the 
separation  point  due  to  the  action  of  the  oncoming  free 
stream.  For  a  first-order  approximation* the  values  of  t  may 
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be  obtained  by  equating 


or 


U 

o 


V(H+t)/5.2t 


U 

.35  f 
o  I 


H 
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[IT] 


[18] 


Combining  Equations  [11],  [15]  and  [18]  gives 


1  -  exp 


irh 


.63WC  -H 
|i 


[19] 


The  pressure  coefficient,  Ap/lpU  2  ,  is  plotted  against  l/C 

I  j  0 

for  different  values  of  —  in  Figure  7.  In  the  calculations, 

the  ground  effect  machine  is  assumed  to  have  a  very  slender 
leading  edge,  that  is,  h  ^  H.  It  can  be  seen  in  Figure  7  that 
the  pressure  in  the  dead-air  region  increases  rapidly  with 

increasing  l/C  or  forward  speed  U  .  For  simplicity,  we  shall 
d  — 

assume  that  the  upper  surface  of  the  machine  is  sufficiently 
smooth  and  no  separation  occurs  on  the  trailing  edge,  so  that 
the  condition  there  is  then  approximately  the  same  as  that  in 
the  ambient  region.  Therefore,  due  to  the  pressure  difference 
between  the  trailing  and  leading  edges,  there  will  be  a  dif¬ 
ference  in  jet  momentum  in  the  direction  of  thrust,  and  its 
magnitude  can  be  shown  approximately  to  be 


T  =  JR  -  Jf  i  RAp  =  R  (|pU*) 


1  -  exp(- 


TTh 


.63WC  -H 
d 


[20] 
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where 


is  the  front  jet  momentum  per  unit  length  =  J 
JR  is  the  rear  jet  momentum  per  unit  length. 

Non-dimens ionalizing  by  J,  Equation  [20]  becomes 


T  . 

R 

1  -  exp 

vh  \ 

j  " 

2WC 

.63WC  -H 

_ 

U  'J 

[21] 


Accordingly,  a  nose -down  moment  about  the  centerline  of  the 
machine,  generated  by  the  different  front  and  rear  jet  re¬ 
actions,  may  be  shown  to  be 


Mj  =  (JR  -  J)W  «  (RAp)W  =  W  (!pUQ2)  R 


1  -  exp 


TTh 


[22] 


Non-dimens ionalizing  by  J  x  W,  Equation  [22]  becomes 


M1 

M4  =  M 

j  JW  2WC 
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1  -  exp 


TTh 


.63WC  -H 

U 


[23] 


Inside  the  jet  curtain,  the  general  characteristics  of  the 
jet  flow  field  are  essentially  the  same  as  in  the  hovering 
condition.  However,  the  strengths  of  the  major  standing 
vortex  in  the  leading  and  trailing  edges  are  modified  some¬ 
what  by  the  motion  of  the  ground  and  by  the  different  edge 
jet  momentums.  On  the  front  major  eddy,  the  moving  ground 
has  a  pulling  effect  and, as  a  result,  the  strength  of  the 
vorticity  is  increased  there.  On  the  rear  major  eddy,  the 
strength  of  vorticity  is,  on  the  one  hand,  decreased  due  to 
the  dragging  effect  of  the  moving  ground  and,  on  the  other 
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hand,  increased  due  to  the  bigger  rear  jet  momentum.  In  any 
event,  the  induced  velocities  in  the  leading  and  trailing 
edge  vortices  are,  in  general,  different  in  magnitude j  that 
is. 


uave)<t.e  ^  Uave)t.< 


[24] 


Since  the  induced  pressure  loss,  ^PV0I,fcex* 
the  induced  velocity,  it  is  evident  that 


is  proportional  to 


^vortex)  ;,.e  ^  ^  vortex  )t.< 


[25] 


As  a  consequence,  a  moment  about  the  center  of  the  machine, 
positive  nose  down,  is  induced  and  its  magnitude  may  be 
shown  approximately  to  be 
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where 
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Un  is  the  rear  nozzle  exit  velocity. 
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Non-dimens ionalizing  by  J  x  W,  Equation  [26]  becomes 
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if  the  two  nozzle  exits  are  of  equal  thickness  and  divergence 
angles  ,  where 
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t  ,e 
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<  1 


(in  general) 
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[28] 


The  direction  of  the  induced  moment  due  to  the  vortices  de 
pends  on  the  parameter  (g  /g  )2(J  /j): 

t  «  6  £  •  G  K 


jS t.e ' 
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K-eJ 

ijl 

<  1  nose  down 


>  1  nose  up  . 


[29] 


The  total  non-dimensional  induced  moment  due  to  forward 
motion  on  the  jet  flow  fields  under  the  machine  base  plate 
may  be  shown,  by  combining  Equations  [23]  and  [27],  to  be 
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It  can  be  seen  from  Equation  [28]  that  the  term 
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since,  in  general,  g  <  <  1,  and 
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<  <  1  • 


In  view  of  Equations  [27],  [30]  and  [31]#  at  low  forward 
speeds,  a  nose-down  moment  is,  in  general,  induced.  The 
resultant  moment  due  to  the  effect  of  the  forward  motion  is, 
of  course,  very  much  dependent  on  the  external  flow  con¬ 
ditions. 

At  high  forward  speedy  that  3s,  C  <  C  ,  the  air  jet  in 

u  u )  cr 

the  leading  edge  may  deflect  inward  before  reaching  the 
ground.  The  jet  flow  under  the  base  plate  is  then  similar 
to  the  diffusive  flow  in  the  lee  of  a  two-dimensional  jet 
as  studied  by  Rouse  (11).  Because  of  the  formation  of  a 
standing  eddy  along  the  base  plate,  a  reduction  in  base 
pressure  results.  In  this  condition  the  leading  edge  jet 
is  preventing  the  useful  pressure  from  acting  on  the  base. 
For  better  efficiency  the  front  jet  should  therefore  be 
turned  off  and  the  flow  is  then  identical  to  that  of  the 
jet-wing  type.  The  problem  of  the  jet  flap  within  ground 
effect  has  been  the  subject  of  numerous  experimental  and 
theoretical  investigations  [see,  for  example,  (12)]  and  is 
beyond  the  scope  of  the  present  investigations. 
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A  typical  numerical  example  for  the  case  C  >  C  x  ,  cp  =  0  , 
2  w  H  0 

and  ~  =  100,  has  been  made.  The  calculations  are  based  on 

the  simple  analysis  given  in  (l);  the  values  of  R,  g  , 


g  ,  Y,  and  n  are  then  given  by 
t  •  6 
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y  =  .05  ,  n  =  6. 


The  induced  thrusts,  for  various  heights,  were  found  to  in¬ 
crease  with  increasing  l/C  :  these  results  are  shown  in  Fig- 

U 

ure  8.  It  can  be  seen  that  a  considerable  amount  of  thrust 
may  be  obtained  at  relatively  low  forward  speeds .  The  cal¬ 
culations  of  induced  moments  are  given  in  Figure  9.  The  non 
dimensional  induced  moments  were  found  to  be,  in  general, 
positive,  that  is,  nose  down  and  of  the  same  magnitude  as  that 
of  the  non-dimensional  induced  thrust. 
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FIGURE  2-  EFFECT  OF  TILT  ANGLE  ON  AUGMENTATION 
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FIGURE  3  -  EFFECT  OF  T 


PRESENT  CALCULATIONS 


LIN'S  RESULTS 


TWO-DIMENSIONAL  REPRESENTATION  OF  GEM  IN  FORWARD  MOTION 
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FIGURE  6-  DIAGRAM  OF  LOW-SPEED  FLOW  UP  A  STEP 
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FIGURE  8-  EFFECT  OF  FORWARD  SPEED  ON  INDUCED  THRUST 
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tion  and  forward  motion  is  presented.  In  tion  and  forward  motion  is  presented.  In 

unbalanced  operation,  the  formation  of  two  unbalanced  operation,  the  formation  of  two 

counter-rotating  vortices  is  the  sole  cause  for  counter-rotating  vortices  is  the  sole  cause  fo 
inducing  static  instability  for  small  disturb-  inducing  static  instability  for  small  disturb¬ 
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